Creep behavior of tungsten/niobium and tungsten/niobium-1 percent zirconium composites by Titran, Robert H. & Petrasek, Donald W.
DOEINASAII 631 0-5 
NASA TM-I00804 
Creep Behavior of Tungsten/Niobium 
and Tungsten/Niobium-I Percent 
Zirconium Com posi tes 
Donald W. Petrasek and Robert H. Titran 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 441 35 
Work performed for 
U.S. DEPARTMENT OF ENERGY 
Nuclear Energy 
Reactor Systems Development and Technology 
Washington, D.C. 20545 
Under Interagency Agreement DE-A103-86SF16310 
Prepared for the 
Fifth Symposium on Space Nuclear Power Systems 
sponsored by the University of New Mexico 
Albuquerque, New Mexico, January 1 1-1 4, 1988 
https://ntrs.nasa.gov/search.jsp?R=19880009323 2020-03-20T08:22:37+00:00Z
CREEP BEHAVIOR OF TUNGSTEN/NIOBIUM AND TUNGSTEN/NIOBIUM- 
1 PERCENT ZIRCONIUM COMPOSITES 
Donald W .  Pet rasek  and Rober t  H .  T i t r a n  
N a t i o n a l  Ae ronau t i cs  and Space A d m i n i s t r a t i o n  
Lewis Research Center  
C1 eve1 and, Oh io  441 35 
ABSTRACT 
The c reep behav io r  and m i c r o s t r u c t u r a l  s t a b  
n iob ium and niobium-1% z i r c o n i u m  was determ 
l i t y  o f  t ungs ten  
ned a t  1400 and 
c reep equa t ion .  A l i n e a r  r e l a t i o n s h i p  was found t o  e x i s t  
c reep r a t e  o f  t h e  composi te  and t h e  i n v e r s e  o f  t h e  compos 
l i f e .  
ach ieve  1 p e r c e n t  c reep s t r a i n  and i n  r u p t u r e  s t r e n g t h  a t  
The composi te  m a t e r i a l s  had an o r d e r  of magnitude 
f i b e r  r e i n f o r c e d  
500 K i n  o r d e r  t o  
assess t h e  p o t e n t i a l  o f  t h i s  m a t e r i a l  f o r  use i n  advanced space power systems. 
The c reep behav io r  o f  t h e  composi te  m a t e r i a l s  c o u l d  be desc r ibed  by a power law 
between t h e  minimum 
t e  c reep r u p t u r e  
ncrease i n  s t r e s s  t o  
t e s t  tempera tures  o f  
1400 and 1500 K compared t o  u n r e i n f o r c e d  m a t e r i a l .  The composi te  m a t e r i a l s  
were a l s o  s t r o n g e r  than t h e  u n r e i n f o r c e d  m a t e r i a l s  by an o r d e r  o f  magni tude 
when d e n s i t y  was taken i n t o  c o n s i d e r a t i o n .  Resu l t s  o b t a i n e d  on t h e  c reep 
behav io r  and m i c r o s t r u c t u r a l  s t a b i l i t y  o f  t h e  composites i n d i c a t e  s i g n i f i c a n t  
p o t e n t i a l  improvement i n  h i g h  tempera ture  p r o p e r t i e s  and mass r e d u c t i o n  for 
space power system components. 
INTRODUCTION 
Advanced m a t e r i a l s  w i l l  p l a y  a major  ro le  i n  meet ing  t h e  s t r i n g e n t  mass and 
performance requ i rements  o f  f u t u r e  space power s y s t e m s .  
such a system, which may i n c l u d e  a s e r v i c e  l i f e  of  g r e a t e r  t han  7 yea rs  a t  a 
temperature i n  excess o f  1350 K, d i c t a t e  the  use o f  r e f r a c t o r y  me ta l s  (Cooper 
1984).  
power convers ion  a p p l i c a t i o n s  where r e s i s t a n c e  t o  l i q u i d  a l k a l i  meta l  c o r r o s i o n  
The requ i remen ts  for 
The niobium-1% z i r c o n i u m  a l l o y  has been suggested for use i n  space 
a t  tempera tures  near 1000 K was t h e  p r i m a r y  concern (Lane and A u l t  1965 and 
Buckman 1984). The Nb-1% Zr a l l o y  was n o t ,  however, developed f o r  a p p l i c a t i o n s  
t h a t  r e q u i r e d  h i g h  c reep s t r e n g t h  f o r  v e r y  l o n g  t i m e s  a t  temperatures i n  excess 
o f  1100 K .  Whi le  c u r r e n t  des igns o f  space n u c l e a r  power sys tems  s p e c i f y  
niobium-base a l l o y s  f o r  r e a c t o r ,  hea t  p i p e ,  and power convers ion  components, 
f u t u r e  a p p l i c a t i o n s  w i l l  need m a t e r i a l s  w i t h  g r e a t e r  h i g h  tempera ture  s t r e n g t h  
and inc reased  c reep r e s i s t a n c e  t o  m e e t  t h e  m i s s i o n  requ i rements  (Dokko e t  a l .  
1984). 
A research  program i s  be ing  conducted a t  NASA Lewis Research Center  t o  
de termine t h e  f e a s i b i l i t y  of u s i n g  tungs ten  f i b e r  r e i n f o r c e d  n iob ium or 
niobium-1% z i r c o n i u m  m a t r i x  composi tes t o  m e e t  t he  a n t i c i p a t e d  i nc reased  
tempera ture  and c reep r e s i s t a n c e  requ i rements  imposed by advanced space power 
systems. 
p r e v i o u s  i n v e s t i g a t i o n  ( W e s t f a l l  e t  a l .  1986). The r e s u l t s  o b t a i n e d  on t h e  
s h o r t  t i m e  t e n s i l e  p r o p e r t i e s  i n d i c a t e d  t h a t  W/Nb composites had s i g n i f i c a n t  
improvements i n  h i g h  tempera ture  s t r e n g t h  and o f fe r  s i g n i f i c a n t  mass r e d u c t i o n s  
for  h i g h  tempera ture  space power systems. However, t he  p r ime  m a t e r i a l  
requ i remen t  f o r  space power s y s t e m s  a p p l i c a t i o n s  i s  l o n g  t i m e  c reep r e s i s t a n c e .  
A s tudy  was thus  conducted to  determine t h e  e f f e c t  o f  l o n g  t i m e  h i g h  
tempera ture  exposure on t h e  p r o p e r t i e s  o f  these composi tes,  w i t h  emphasis on 
t h e i r  c reep - rup tu re  behav io r  a t  e l e v a t e d  tempera tures .  
I 
The t e n s i l e  p r o p e r t i e s  o f  W/Nb composites were de termined i n  a 
I , 
I MATERIALS, FABRICATION, AND T E S T I N G  
Tungsten f i b e r s  w e r e  chosen as r e i n f o r c e m e n t  f o r  n iob ium m a t r i c e s  because o f  
, t h e i r  h i g h  e l e v a t e d  tempera ture  s t r e n g t h  and because of p r e v i o u s  f a b r i c a t i o n  
exper ience w i t h  tungs ten  f i b e r  r e i n f o r c e d  s u p e r a l l o y  composites demonstrated 
a t  NASA Lewis Research Center .  Var ious  types  o f  tungs ten  f i b e r s  have been 
used t o  r e i n f o r c e  s u p e r a l l o y  m a t r i c e s ,  and s i g n i f i c a n t  improvements have been 
I 2 
a 
demonstrated i n  t h e  h i g h  tempera ture  t e n s i l e  s t r e n g t h  and s t r e s s - r u p t u r e  
p r o p e r t i e s  o f  composites compared t o  s u p e r a l l o y s  (Pe t rasek  and S i g n o r e l l i  
1981) .  The exper ience ga ined from t h i s  t ype  of composi te  m a t e r i a l s  techno logy  
was u t i l i z e d  t o  improve t h e  p r o p e r t i e s  o f  n iob ium a l l o y s .  
M a t e r i a l s  
Two types  o f  tungs ten  f i b e r s  w e r e  chosen as r e i n f o r c e m e n t  m a t e r i a l .  
t ungs ten  f i b e r  was s e l e c t e d  as an example of a lower s t r e n g t h ,  u n a l l o y e d ,  
commerc ia l l y  a v a i l a b l e  lamp f i l a m e n t  f i b e r .  Type ST300, a tungsten-1.5% 
t h o r i u m  o x i d e  f i b e r ,  was se e c t e d  as an example of a s t r o n g e r ,  d i s p e r s i o n -  
s t rengthened tungs ten  f i b e r  
f i b e r  m a t e r i a l s .  Una l l oyed  n iob ium and niobium-1% z i r c o n i u m  were o b t a i n e d  i n  
t h e  form o f  1.59-mm-diameter w i r e  from a commercial vendor .  These n iob ium 
w i r e s  were to  be used i n  t h e  f a b r i c a t i o n  o f  composites v i a  t h e  a r c  spray  
process which w i l l  be d e s c r i b e d  i n  t h e  f o l l o w i n g  s e c t i o n .  
Fabr i c a t i o n  
A l l  o f  t h e  W/Nb and W/Nb-l% Zr composite m a t e r i a l  t e s t e d  i n  t h i s  program were 
f a b r i c a t e d  u s i n g  an arc -spray  process developed a t  NASA Lewis Research Center  
(Wes t fa l l  1985). I n  t h i s  process the  tungs ten  f i b e r s  were wound on a drum 
u s i n g  a l a t h e  t o  a c c u r a t e l y  a l i g n  and space them. The drum was i n s e r t e d  i n t o  
a chamber which was subsequent ly  evacuated and b a c k - f i l l e d  w i t h  an i n e r t  
atmosphere. The n iob ium or niobium-1% z i r c o n i u m  w i r e  m a t e r i a l  was a r c  sprayed 
o n t o  t h e  drum sur face by u s i n g  a p r e s s u r i z e d  argon gas stream. A f t e r  sp ray ing ,  
t h e  coated f i b e r  (monotape) was removed from t h e  drum s u r f a c e ,  c leaned,  c u t  t o  
t h e  p roper  s i z e ,  s tacked up, sea led  i n  a c o n t a i n e r ,  and h o t  i s o s t a t i c a l l y  
pressed t o  produce u n i d i r e c t i o n a l l y  f i b e r  o r i e n t e d  composi te  pane ls .  
T e s t i n g  
S t r e s s  r u p t u r e  t e s t s  were conducted on tungs ten  f i b e r s  a t  1400 and 1500 K. The 
f i b e r  was a t t a c h e d  t o  a f i x e d  mount, s t r u n g  th rough a v e r t i c a l l y  mounted 
Type 218CS 
A f i b e r  d iameter  o f  0.20 mm was used for  b o t h  
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t a n t a l u m  r e s i s t a n c e  furnace,  and then  a p p r o p r i a t e l y  deadweight loaded.  The 
we igh t  was suppor ted by a r e t r a c t a b l e  suppor t  d u r i n g  pumpdown and specimen 
h e a t i n g .  
T e s t i n g  was conducted i n  a vacuum o f  l ~ l O - ~  t o  7x10-3 Pa. 
was a l l owed  to  s t a b i l i z e  a t  t h e  d e s i r e d  t e s t  tempera ture  about  2 hours  p r i o r  t o  
l o a d i n g .  Specimen and fu rnace  tempera ture  was mon i to red  w i t h  a p l a t i n u m /  
p l a t i n u m  13%-rhodium thermocouple.  A m i c r o s w i t c h  connected i n  s e r i e s  w i t h  the  
fu rnace  and an e lapsed t ime  meter was l o c a t e d  d i r e c t l y  under t h e  we igh t  and was 
used t o  de termine t h e  r u p t u r e  t i m e  f o r  each f i b e r  specimen. 
Creep r u p t u r e  specimens w e r e  machined from composi te  pane ls  and from a r c  
The f i b e r  specimen 
I 
, 
sprayed m a t r i x  m a t e r i a l s .  
52 p e r c e n t .  The specimen c o n f i g u r a t i o n  and d imensions a re  shown i n  F i g u r e  1 .  
Tungsten tabs  were T I G  welded on b o t h  s ides  of t h e  ends of t he  composi te  
specimens to  p r e v e n t  specimen shear ing  a t  t h e  p i n  h o l e  l o c a t i o n s .  The creep-  
r u p t u r e  e v a l u a t i o n  of  t h e  composites was per formed w i t h  u n i d i r e c t i o n a l l y  
o r i e n t e d  f i b e r  r e i n f o r c e d  composi te  specimens, t e s t e d  i n  t h e  f i b e r  d i r e c t i o n .  
Creep r u p t u r e  t e s t s  a t  b o t h  1400 and 1500 K w e r e  conducted i n  a vacuum o f  
The f i b e r  c o n t e n t  o f  t h e  specimens ranged from 36 to  
I 7x10-5 Pa. Creep s t r a i n s  were measured o p t i c a l l y  by u s i n g  a ca the tometer  t o  
s i g h t  on knoop hardness impress ions  i n i t i a l l y  p l a c e d  25 mm a p a r t  on t h e  
reduced s e c t i o n  gauge l e n g t h  o f  t h e  specimen. 
measurements i s  es t ima ted  t o  be k0.02 p e r c e n t  f o r  t h e  gauge l e n g t h  used. The 
s t r a i n  on l o a d i n g  was measured and was i n c o r p o r a t e d  i n  the  r e p o r t e d  t o t a l  c reep 
s t r a i n .  
f i b e r s .  
M i c r o s t r u c t u r a l  a n a l y s i s  of t h e  composi tes was conducted u s i n g  o p t i c a l  and 
scanning e l e c t r o n  microscopy.  
was de termined by  c u t t i n g ,  p o l i s h i n g ,  and e t c h i n g  a c ross  s e c t i o n  of t h e  
The p r e c i s i o n  o f  c r e e p - s t r a i n  
Rupture t i m e s  were  de termined i n  a manner s i m i l a r  t o  t h a t  for  t h e  
The f i b e r  con ten ts  of each composi te  specimen 
4 
specimen near t h e  f r a c t u r e  s u r f a c e ,  then c o u n t i n g  t h e  t o t a l  number o f  f i b e r s  
w i t h i n  t h a t  a rea .  The t o t a l  f i b e r  a rea  was c a l c u l a t e d  and t h e  f i b e r  c o n t e n t  
was determined by d i v i d i n g  by t h e  i n i t i a l  c r o s s - s e c t i o n a l  a rea  o f  t h e  
composite specimen. 
RESULTS AND DISCUSSION 
F i b e r  St ress-Rupture P roper t i es  
The s t r e s s - r u p t u r e  d a t a  o b t a i n e d  for 218CS and ST300 tungs ten  f i b e r s  used i n  
t h i s  i n v e s t i g a t i o n  a re  l i s t e d  i n  Table 1 .  F i g u r e  2 i s  a p l o t  o f  t h e  t i m e  t o  
r u p t u r e  as a f u n c t i o n  o f  t h e  s t r e s s  for  ST300 and 218CS f i b e r s  t e s t e d  a t  1400 
and 1500 K .  The 100-hour r u p t u r e  s t r e n g t h  o b t a i n e d  f o r  t h e  ST300 f i b e r  was 
500 MPa a t  1400 K and 352 MPa a t  1500 K compared to  440 MPa a t  1400 K and 
338 MPa a t  1500 K f o r  t h e  218CS f i b e r .  The long- t ime r u p t u r e  s t r e n g t h  of t h e  
218CS f i b e r  compares more f a v o r a b l y  w i t h  t h a t  o f  t h e  ST300 f i b e r .  
t h e  1000-hour r u p t u r e  s t r e n g t h  f o r  218CS was 360 MPa a t  1400 K and 290 MPa 
a t  1500 K compared t o  380 MPa a t  1400 K and 276 MPa a t  1500 K for t h e  ST300 
f i b e r .  
For example 
The p o t e n t i a l  1000-hour r u p t u r e  s t r e n g t h  for  a composi te  c o n t a i n i n g  50 v o l  % 
ST300 f i b e r  i n  a m a t r i x  o f  n iob ium was c a l c u l a t e d  u s i n g  t h e  d a t a  o b t a i n e d  for  
t h e  ST300 f i b e r s .  
50 vol % W-Re-Hf-C f i b e r s  i n  a n iob ium m a t r i x .  The W-Re-Hf-C f i b e r  i s  t h e  
A c a l c u l a t i o n  was a l s o  made fo r  a composi te  c o n t a i n i n g  
s t r o n g e s t  t ungs ten  f i b e r  produced t o  da te  b u t  t he  f i b e r  i s  n o t  commerc ia l l y  
a v a i l a b l e .  
occu r red  due t o  i n t e r f a c i a l  r e a c t i o n s  between t h e  f i b e r  and m a t r i x  and t h a t  
Both c a l c u l a t i o n s  were made assuming t h a t  no f i b e r  d e g r a d a t i o n  
t h e  f i b e r  c a r r i e s  a l l  of t h e  l o a d .  I t  i s  assumed t h a t  t h e  m a t r i x  does n o t  
c a r r y  any o f  t h e  l oad ,  t hus  t h e  l o a d  c a r r i e d  by t h e  composi te  for  r u p t u r e  i n  
1000 hours i s  equal to  t h e  l o a d  necessary t o  r u p t u r e  t h e  f i b e r s  i n  1000 hours .  
S ince t h e  c r o s s - s e c t i o n a l  a rea  o f  t h e  f i b e r s  i n  a 50 v o l  % composi te  i s  o n l y  
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l one h a l f  of t h e  t o t a l  c r o s s - s e c t i o n a l  a rea  of t h e  composite then t h e  s t r e s s  on 
t h e  .composite f o r  r u p t u r e  i n  1000 hours i s  equal t o  one h a l f  o f  t h e  1000-hour 
r u p t u r e  s t r e s s  for t h e  f i b e r .  The s t r e s s  on t h e  composi te  i s  t hus  t h e  volume 
f r a c t i o n  o f  f i b e r  con ta ined  i n  t h e  composite t i m e s  t h e  r u p t u r e  s t r e n g t h  o f  t h e  
f i b e r .  The p r o j e c t e d  1000-hour r u p t u r e  s t r e n g t h s  for t h e  composites a r e  
compared t o  t h e  1000-hour r u p t u r e  s t r e n g t h  va lues  f o r  niobium-1% z i r c o n i u m  i n  
F i g u r e  3. 
p o t e n t i a l  1000-hour r u p t u r e  s t r e n g t h  seven t imes t h a t  o f  Nb-1% Z r  and t h a t  t h e  
W-Re-Hf-C/Nb composite has a p o t e n t i a l  1000-hour r u p t u r e  s t r e n g t h  about  20 
t imes g r e a t e r  than Nb-1% Z r .  
Composite Creep-Rupture P r o p e r t i e s  
The c reep- rup tu re  d a t a  o b t a i n e d  for  the  composite and m a t r i x  m a t e r i a l s  a r e  
shown i n  Table 2 and i n c l u d e  t h e  types  of tungs ten  f i b e r  and f i b e r  con ten ts  
used, t h e  a p p l i e d  s t r e s s  on t h e  composi te ,  t i m e  f o r  1 p e r c e n t  s t r a i n  and 
r u p t u r e  and minimum creep r a t e s .  Also i n c l u d e d  i n  Table 2 i s  t h e  c a l c u l a t e d  
s t r e s s  on t h e  f i b e r  assuming t h a t  t h e  f i b e r  c a r r i e s  a l l  o f  t h e  l o a d  a p p l i e d  t o  
t h e  composi te .  
t h e  s t r e s s  on a composi te  no rma l i zed  t o  50 v o l  % f i b e r  c o n t e n t  as shown i n  
Table 2 .  A l l  o f  t h e  composi te  d a t a  was no rma l i zed  to  50 v o l  % f i b e r  c o n t e n t s  
so t h a t  t h e  e f f e c t  o f  f i b e r  c o n t e n t  c o u l d  be e l i m i n a t e d  i n  p r o p e r t y  
comparisons. The s t r e s s  on t h e  composi te  f o r  a 50 v o l  % f i b e r  c o n t e n t  i s  t hus  
t h e  volume f r a c t i o n  f i b e r  (0.5) t i m e s  t h e  s t r e s s  on t h e  f i b e r  as d e s c r i b e d  i n  
t h e  p rev ious  s e c t i o n  o f  t h i s  paper .  Such e x t r a p o l a t i o n s  were shown t o  be 
v a l i d  by p rev ious  work r e p o r t e d  by McDanels and S i g n o r e l l i ,  1967. 
c reep cu rve  for a composi te  m a t e r i a l  i s  shown i n  F i g u r e  4. The composi te  
m a t e r i a l  was ST300/Nb+l% Zr c o n t a i n i n g  40 v o l  % f i b e r  and t e s t e d  under an 
a p p l i e d  s t r e s s  o f  180 MPa a t  a tempera ture  of 1400 K. 
The p r o j e c t i o n  i n d i c a t e s  t h a t  t h e  ST300/Nb composite has a 
The c a l c u l a t e d  f i b e r  s t r e s s  was used t o  de termine va lues  f o r  
I 
~ 
A t y p i c a l  
The c reep curves for  
I 6 
t h e  composi te  m a t e r i a l s  e x h i b i t e d  t h e  t h r e e  c h a r a c t e r i s t i c  s tages o f  c reep 
a s s o c i a t e d  w i t h  conven t iona l  m a t e r i a l s .  The s t r a i n  t o  r u p t u r e  ranged from 
5 to  7 p e r c e n t  for  t h e  composi te  m a t e r i a l s  t e s t e d .  
The f r a c t u r e d  sur faces of composi te  specimens were examined u s i n g  t h e  scann ing  
e l e c t r o n  microscope.  F i g u r e  5 shows t h e  f r a c t u r e  s u r f a c e  o f  a ST300/Nb 
composi te .  The f i b e r  and m a t r i x  b o t h  f a i l e d  i n  a d u c t i l e  manner i n  s t r e s s -  
r u p t u r e .  F u r t h e r  ev idence o f  f i b e r  and m a t r i x  d u c t i l e  f r a c t u r e  behav io r  i s  
shown i n  the  o p t i c a l  m ic rophotograph of F i g u r e  6, where neck ing  o f  t h e  f i b e r  i s  
observed.  
The e f f e c t i v e  use o f  f i b e r  r e i n f o r c e m e n t  t o  i nc rease  t h e  c reep r e s i s t a n c e  o f  
n iob ium i s  shown i n  F i g u r e  7 .  The t ime  t o  cause 1 p e r c e n t  s t r a i n  f o r  a r c  
sprayed n iob ium under an a p p l i e d  s t r e s s  o f  20 MPa was 17 hours w h i l e  
a rc -sprayed n iob ium r e i n f o r c e d  w i t h  40 v o l  % f i b e r  and s t r e s s e d  a t  an o r d e r  o f  
magni tude h i g h e r  s t r e s s  (200 MPa) had n e a r l y  an o r d e r  o f  magnitude i n c r e a s e  i n  
t h e  t ime  t o  cause 1 p e r c e n t  c reep s t r a i n .  I n c r e a s i n g  t h e  f i b e r  c o n t e n t  
r e s u l t s  i n  f u r t h e r  i nc reases  i n  c reep r e s i s t a n c e  fo r  t h e  composi tes m a t e r i a l s  
i n v e s t i g a t e d .  
The t i m e  t o  cause 1 p e r c e n t  s t r a i n ,  r u p t u r e ,  and t h e  minimum creep r a t e s  were 
de termined from t h e  c reep curves  genera ted  f o r  t h e  composi te  and m a t r i x  
m a t e r i a l s  t e s t e d  a t  1400 and 1500 K .  A comparison o f  t h e  s t r e s s  r u p t u r e  
s t r e n g t h s  ob ta ined  fo r  t h e  composi tes and arc-sprayed n iob ium i s  shown i n  
F i g u r e  8. A l l  o f  t h e  composi tes were an o r d e r  o f  magni tude s t r o n g e r  than t h e  
u n r e i n f o r c e d  arc-sprayed n iob ium.  The use o f  h i g h e r  s t r e n g t h  f i b e r s  r e s u l t e d  
i n  h i g h e r  s t r e n g t h  composi tes.  The ST300 f i b e r  r e i n f o r c e d  composi tes were 
s t r o n g e r  a t  1400 and 1500 K than  composi tes r e i n f o r c e d  w i t h  t h e  weaker 218CS 
f i b e r s .  I n  c o n t r a s t ,  t h e  weaker m a t r i x ,  n iob ium w i t h  ST300 f i b e r s  had a 
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composi te  s t r e n g t h  t h a t  was h i g h e r  than t h a t  o f  t h e  composi te w i t h  t h e  s t r o n g e r  
niobium-1% z i r c o n i u m  m a t r i x  r e i n f o r c e d  w i t h  t h e  ST300 f i b e r s .  
A comparison was a l s o  made fo r  t h e  s t r e s s  to  cause 1 pe rcen t  s t r a i n  for  t h e  
composi tes,  PWC-11 (niobium-1% z i rconium-0.1% carbon) ,  and niobium-1% 
z i r con ium,  F i g u r e  9. The ST300/niobium m a t e r i a l  was the  s t r o n g e s t  w h i l e  the  
218CS/niobium composi te  m a t e r i a l  was t h e  weakest o f  the  composi tes 
i n v e s t i g a t e d .  
composi tes were ove r  an o r d e r  o f  magnitude s t r o n g e r  ove r  the  t ime  range 
shown compared t o  niobium-1% z i r c o n i u m  and about  s i x  t imes s t r o n g e r  than  
PWC-11. 
The r e i n f o r c i n g  f i b e r s  have a d e n s i t y  ove r  t w i c e  t h a t  o f  n iob ium. 
f i b e r  composi te  i s  thus  ove r  one and a h a l f  t imes heav ie r  than n iob ium and 
d e n s i t y  must be taken i n t o  c o n s i d e r a t i o n  when making p r o p e r t y  compar isons.  
comparison i s  made o f  t h e  c reep s t r e s s  t o  d e n s i t y  r a t i o  f o r  1 p e r c e n t  s t r a i n  
f o r  t h e  composi tes,  PWC-11 and niobium-1% z i r c o n i u m  i n  f i g u r e  10. Even on a 
d e n s i t y  c o r r e c t e d  b a s i s  t h e  composi tes a r e  ove r  an o r d e r  of magnitude s t r o n g e r  
than  niobium-1% z i r c o n i u m  and 3-1/2 t o  4 t imes  s t r o n g e r  than PWC-11. 
F i g u r e  11 shows t h e  minimum creep r a t e  a g a i n s t  s t r e s s  fo r  t h e  composi tes,  and 
these d a t a  a r e  compared w i t h  those o b t a i n e d  on arc-sprayed n iob ium t e s t e d  a t  
1400 K .  I t  i s  e v i d e n t  t h a t  t h e  composi tes c reep a t  a much s lower  r a t e  than 
t h e  n iob ium m a t r i x  m a t e r i a l .  N o t i n g  t h a t  t h e  s t r a i n  and s t r a i n  r a t e  
c o m p a t i b i l i t y  must be ma in ta ined  a t  t h e  f i b e r - m a t r i x  i n t e r f a c e  d u r i n g  creep o f  
a composi te  sub jec ted  t o  u n i a x i a l  l o a d i n g ,  i t  i s  p o s s i b l e  to  e s t i m a t e  t h e  
r e l a t i v e  magnitude o f  t h e  s t r e s s  on t h e  m a t r i x  u s i n g  F i g u r e  1 1 .  For  example, 
i t  i s  e v i d e n t  from F i g u r e  11 t h a t  a t  1400 K t h e  ST300/Nb composi tes e x h i b i t  a 
minimum creep r a t e  o f  about  1x10-8 sec- l  a t  250 MPa. 
c o m p a t i b i l i t y  arguments, F i g u r e  1 1  suggests t h a t  a s t r e s s  o f  about  15 MPa 
The c reep s t r e s s  t o  cause 1 p e r c e n t  s t r a i n  o b t a i n e d  for  t h e  
The 50 v o l  % 
A 
Us ing  t h e  s t r a i n  r a t e  
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would enab le  t h e  Nb m a t r i x  t o  creep a t  t h e  same r a t e .  I t  can be shown u s i n g  
t h e  r u l e - o f - m i x t u r e s ,  t h a t  t h e  cor respond ing  s t r e s s  on t h e  m a t r i x  i s  o n l y  
about  3 p e r c e n t  o f  t h e  t o t a l  a p p l i e d  s t r e s s  a c t i n g  on a composi te  c o n t a i n i n g  
50 v o l  % f i b e r s .  
Th is  means t h a t  f o r  a first o r d e r  p r e d i c t i o n  o f  c reep behav io r  t h e  c reep o f  
t h e  composi te  can be desc r ibed  by c reep equa t ions  f o r  t h e  r e i n f o r c i n g  f i b e r .  
The minimum creep r a t 2  o f  the  composite can thus  be equated to  t h e  power law 
c reep behav io r  as fo l lows: 
C 0 
n 
i S = A e x p ( $ k )  
where 
oC 
af 
Vf i s  t h e  volume f r a c t i o n  f i b e r  con ten t  
Q 
n i s  t h e  c reep- ra te  s t r e s s  exponent 
A i s  a c o n s t a n t  f o r  t h e  f i b e r  
The c a l c u l a t e d  composi te  c reep a c t i v a t i o n  energy,  Q, of 465 to  490 kJ/mol  
agrees w i t h  r e s u l t s  for  o t h e r  forms of tungs ten  t e s t e d  i n  t h i s  tempera ture  
range.  Robinson and Sherby (1969) propose t h a t  t h e  c reep o f  as-drawn f i b e r s  
occu rs  by a d i s l o c a t i o n  mechanism c o n t r o l l e d  by gra in -boundary  or d i s l o c a t i o n -  
p i p e  d i f f u s i o n .  The c reep- ra te  s t r e s s  exponent, n, for  the  ST300 r e i n f o r c e d  
composi tes ranged between 5 and 6 which i s  i n  agreement w i t h  va lues  p r e d i c t e d  
i s  t h e  s t r e s s  on t h e  composi te  
i s  t h e  s t r e s s  on t h e  f i b e r  assuming t h a t  t h e  f i b e r  c a r r i e s  t h e  t o t a l  l o a d  
i s  t h e  apparent  c reep a c t i v a t i o n  energy 
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by  s imp le  t h e o r i e s  o f  d i s l o c a t i o n - c l i m b  processes where n i s  about  5 .  I t  
i s  u n l i k e l y  t h a t  g r a i n - b o u n d a r y - d i f f u s i o n  c reep or g r a i n  boundary s l i d i n g  
c o n t r o l s  c reep because o f  t h e  o r i e n t e d ,  e longa ted  g r a i n  s t r u c t u r e  o f  t h e  
f i b e r s .  
The r e l a t i o n s h i p  between r u p t u r e  l i f e  o f  t h e  ST300 f i b e r  r e i n f o r c e d  composi tes 
and t h e  minimum creep r a t e  i s  shown I n  F i g u r e  1 2 .  A l i n e a r  i n v e r s e  
r e l a t i o n s h i p  was observed between r u p t u r e  l i f e  and t h e  minimum creep r a t e .  
where C I 0.036. T h i s  r e l a t i o n s h i p  has been observed I n  o t h e r  me ta l s  and i s  
known as t h e  Monkman-Grant r e l a t i o n s h i p .  
T h i s  relationship was a l so  found t o  be v a l l d  f o r  s t a i n l e s s  s t e e l  composi tes 
r e i n f o r c e d  w l t h  t u n g s t e n - t h o r i a  f l b e r s  (Warren and Larsson 1980) and for  n i c k e l  
coa ted  and uncoated t u n g s t e n - t h o r i a  w i r e s  (Warren and Andersson 1982) /  
va lue  of  0.036 observed i n  t h i s  i n v e s t i g a t i o n  compares f a v o r a b l y  w i t h  t h e  va lue  
of 0.0207 observed f o r  n i c k e l  coa ted  and uncoated f i b e r s .  
The C 
The minimum creep r a t e  exp ress ion  p r e v i o u s l y  desc r ibed  for  t h e  composi tes can 
be s u b s t i t u t e d  i n  t h e  Monkman-Grant r e l a t i o n s h i p  t o  y i e l d  an exp ress ion  which 
equates t h e  composite r u p t u r e  l i f e  w l t h  t h e  s t r e s s  on t h e  composi te  and w i t h  
t h e  volume f r a c t i o n  f i b e r  c o n t e n t  as fol lows: 
The above exp ress ion  i n d i c a t e s  t h a t  a t  a c o n s t a n t  a p p l i e d  s t r e s s  on t h e  
composi te  i n c r e a s i n g  t h e  f i b e r  volume f r a c t i o n  c o n t e n t  w i l l  r e s u l t  i n  i nc reased  
r u p t u r e  l i f e  va lues  for t h e  composi te .  
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Composite M i c r o s t r u c t u r a l  S t a b i l i t y  
One o f  t h e  p r i n c i p a l  concerns i n  t h e  use of f i b e r  r e i n f o r c e d  composi tes f o r  
l o n g  t ime  exposure a p p l i c a t i o n s  a t  e l e v a t e d  temperatures i s  t h e  degree o f  
r e a c t i o n  t h a t  occu rs  between t h e  f i b e r  and m a t r i x  m a t e r i a l s .  Excess ive  f i b e r /  
m a t r i x  r e a c t i o n  c o u l d  degrade t h e  f i b e r  p r o p e r t i e s  and thus  t h e  composi te  
m a t e r i a l s  p r o p e r t i e s .  There i s  genera l  agreement t h a t  n iob ium and tungs ten  a r e  
comp le te l y  m i s c i b l e  i n  t h e  s o l i d  and l i q u i d  s t a t e  and thus  do n o t  form any 
d e l e t e r i o u s  i n t e r m e t a l l i c  compounds. F i g u r e  13 compares t h e  r e a c t i o n  a t  t he  
f i b e r / m a t r i x  i n t e r f a c e  t h a t  occu r red  for ST300/Niobium-l% z i r c o n i u m  composi tes 
exposed f o r  about  1000 hours a t  1400 and 1500 K. A s  expected,  t h e  r e a c t i o n  a t  
1500 K i s  g r e a t e r  t han  a t  1400 K however even a t  1500 K t h e  r e a c t i o n  was n o t  
excess i ve .  The depth  o f  p e n e t r a t i o n  i n t o  t h e  0 .2 -mm d iameter  f i b e r  was l e s s  
than  0.01 mm. 
s t r o n g e r  than ST300/niobium-l% z i r c o n i u m  i s  t h a t  t h e  niobium-1% z i r c o n i u m  
m a t r i x  i s  more r e a c t i v e  w i t h  t h e  f i b e r s  than n iob ium.  The dep th  o f  p e n e t r a t i o n  
i n t o  t h e  ST300 f i b e r  t h a t  r e s u l t e d  upon exposure a t  1500 K f o r  t h e  n iob ium and 
niobium-1% z i r c o n i u m  m a t r i x  composi te m a t e r i a l s  i s  compared i n  F i g u r e  14. The 
p r e l i m i n a r y  l i m i t e d  d a t a  i n d i c a t e s  v e r y  l i t t l e  d i f f e r e n c e  i n  t h e  degree o f  
f i b e r  r e a c t i o n  t h a t  o c c u r r e d  f o r  b o t h  m a t e r i a l s .  More d a t a  i s  thus  needed t o  
account  f o r  t h e  s t r e n g t h  d i f f e r e n c e  observed fo r  t h e  two d i f f e r e n t  m a t r i x  
composi tes.  The l o n g e s t  t ime  o f  exposure was 2500 hours .  The depth  o f  
p e n e t r a t i o n  i n t o  t h e  f i b e r  f o r  t h e  2500 hour  exposured m a t e r i a l  was about  
0.01 mm. The va lues  f o r  f i b e r  r e a c t i o n  a r e  i n  agreement w i t h  r e f e r e n c e  d a t a  
( A r c e l l a  1974) i n  t h e  l i t e r a t u r e  on r a t e s  o f  r e a c t i o n s  observed between 
t u n g s t e n  and n iob ium d i f f u s i o n  coup les .  The r e a c t i o n  r e s u l t s  thus  i n d i c a t e  
good m i c r o s t r u c t u r a l  s t a b i l i t y  f o r  t h i s  composi te  system. 
A p o s s i b l e  e x p l a n a t i o n  f o r  why ST300/niobium composi tes were 
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F e a s i b i l i t y  o f  W/Nb Composites f o r  Advanced Space Power A p p l i c a t i o n s  
Advanced space power system components w i l l  r e q u i r e  a nominal  s e r v i c e  l i f e  o f  
7 yea rs  or l o n g e r .  
m a t e r i a l s  f o r  such a p p l i c a t i o n s ,  p r o j e c t i o n s  were made fo r  b o t h  t h e  1000 hour  
and 100 000 hour  (11.4 y e a r s )  c reep s t r e s s  t o  y i e l d  1 p e r c e n t  s t r a i n  a t  
1400 and 1500 K and these were compared w i t h  s i m i l a r  p r o j e c t i o n s  made fo r  
PWC-11 and niobium-1% z i r c o n i u m  m a t e r i a l  ( F i g u r e  1 5 ) .  The composi te  m a t e r i a l s  
o f f e r  a p o t e n t i a l  o f  more than  an o r d e r  o f  magnitude inc rease  i n  s t r e n g t h  
compared t o  niobium-1% z i r c o n i u m  a t  b o t h  o f  t h e  temperatures i n v e s t i g a t e d  w h i l e  
compared t o  PWC-11 a t  1400 K t h e  100 000 hour  composi te  s t r e n g t h  p o t e n t i a l  i s  
8 t o  10 t imes  g r e a t e r  and a t  1500 K i t  i s  5 to 9 t imes g r e a t e r .  
D e n s i t y  c o r r e c t e d  va lues  f o r  t h e  s t r e s s  t o  y i e l d  1 p e r c e n t  s t r a i n  a t  1400 and 
1500 K for t h e  composi tes,  PWC-11 and niobium-1% z i r c o n i u m  a r e  shown i n  F i g u r e  
16. Even when d e n s i t y  i s  taken i n t o  account  the  composi tes a r e  s t i l l  more 
than an o r d e r  o f  magnitude s t r o n g e r  than  niobium-1% z i r con ium.  The composi tes 
a r e  a l s o  5 t o  6 t imes s t r o n g e r  than  p r o j e c t e d  va lues  f o r  PWC-11 a t  1400 K and 
3 t o  5 t imes  s t r o n g e r  a t  1500 K. The s t r e n g t h  to  d e n s i t y  va lues  p r o j e c t e d  f o r  
the  composi tes i n d i c a t e  a p o t e n t i a l  mass sav ings t h a t  c o u l d  be r e a l i z e d  by 
s u b s t i t u t i o n  o f  t h e  composi tes t o  r e p l a c e  t h i c k e r  s e c t i o n s  o f  niobium-1% 
z i r c o n i u m  or t h e  p o t e n t i a l  f o r  i nc reased  s e r v i c e  temperatures o f  components. 
The r e s u l t s  o f  t h i s  s t u d y  i n d i c a t e d  t h a t  t ungs ten  f i b e r  r e i n f o r c e d  n iob ium and 
niobium-1% z i r c o n i u m  composi tes show promise f o r  s i g n i f i c a n t  mprovements i n  
h i g h  tempera ture  p r o p e r t i e s  and o f f e r  s i g n i f i c a n t  mass r e d u c t  on p o t e n t i a l  f o r  
h i g h  tempera ture  space power systems. 
SUMMARY 
A s tudy  was conducted t o  de termine t h e  f e a s i b i l i t y  o f  u s i n g  tungs ten  f i b e r  
r e i n f o r c e d  n iob ium and niobium-1% z i r c o n i u m  m a t r i x  composi tes t o  meet t h e  
I n  t h e  i n t e r e s t  o f  d e t e r m i n i n g  t h e  p o t e n t i a l  o f  these 
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a n t i c i p a t e d  i nc reased  tempera ture  and c reep r e s i s t a n c e  requ i rements  imposed by  
advanced space power systems. The c reep behav io r  and m i c r o s t r u c t u r a l  
s t a b i l i t y  o f  tungs ten  f i b e r / n i o b i u m  and niobium-1% z i r c o n i u m  composi tes were 
de termined a t  1400 and 1500 K i n  o r d e r  t o  assess t h e  p o t e n t i a l  of these 
m a t e r i a l s  for advanced space power systems. 
f o l l o w i n g  o b s e r v a t i o n s  were drawn: 
1 .  Tungsten f i b e r  r e i n f o r c e d  n iob ium and niobium-1% z i r c o n i u m  composi te  
m a t e r i a l s  were s u c c e s s f u l l y  f a b r i c a t e d  u s i n g  an arc -spray  process  f o l l o w e d  by 
a h o t  i s o s t a t i c  p r e s s i n g  procedure .  F u l l y  d e n s i f i e d  composi tes were produced 
hav ing  n e g l i g i b l e  f i b e r / m a t r i x  i n t e r f a c i a l  r e a c t i o n .  
2 .  The c reep behav io r  o f  t h e  composi te  m a t e r i a l s  i n v e s t i g a t e d  can be expressed 
Based upon t h i s  s t u d y  t h e  
a p p r o x i m a t e l y  i n  terms o f  an emp 
Values for  n ranged from 5 t o  
r i c a l  e q u a t i o n  o f  t h e  form: 
fo r  t h e  ST300 f i b e r  r e i n f o r c e d  composi tes and 
t h e  va lues  o f  Q ranged from 465 t o  490 kJ /mo l .  
3. A l i n e a r  r e l a t i o n s h i p  e x i s t s  between the  minimum creep r a t e  o f  t h e  composi te  
and t h e  i n v e r s e  o f  t h e  composi te  creep r u p t u r e  l i f e  such t h a t  TR = 0 . 0 3 6 / i s .  
4. The tungs ten  f i b e r  r e i n f o r c e d  n iob ium and niobium-1% z i r c o n i u m  composi te  
m a t e r i a l s  had an o r d e r  o f  magnitude inc rease  i n  t h e  s t r e s s  to  y i e l d  1 p e r c e n t  
c reep s t r a i n  a t  t e s t  tempera tures  o f  1400 and 1500 K compared to  niobium-1% 
z i r c o n  
1400 K 
5. The 
z i r c o n  
um w h i l e  compared t o  PWC-11 t h e  composi te was 8 to 10 t imes s t r o n g e r  a t  
and 5 t o  9 t imes  s t r o n g e r  a t  1500 K .  
composi te  m a t e r i a l s  were a l s o  s t r o n g e r  than t h e  u n r e i n f o r c e d  niobium-1% 
um by  an o r d e r  o f  magnitude when d e n s i t y  was taken i n t o  c o n s i d e r a t i o n .  
The composi tes a l s o  had s t r e s s  
5 t o  6 t imes  g r e a t e r  t han  PWC- 
t o  y i e l d  1 p e r c e n t  creep 
1 a t  1400 K and 3 t o  5 t 
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s t r a i n  t o  d e n s i t y  va lues  
mes PWC-11 a t  1500 K .  
6. Thermal exposure f o r  2500 hours  a t  1500 K caused a depth  of p e n e t r a t i o n  i n t o  
t h e  f i b e r  o f  o n l y  0.01 mm, demons t ra t i ng  good f i b e r / m a t r i x  c o m p a t i b i l i t y .  
7. The r e s u l t s  o b t a i n e d  on t h e  c reep  behav io r  and m i c r o s t r u c t u r a l  s t a b i l i t y  
i n d i c a t e d  t h a t  t ungs ten  f i b e r  r e i n f o r c e d  n iob ium and niobium-1% z i r c o n i u m  
composi tes show promise f o r  s i g n i f i c a n t  improvements i n  h i g h  tempera ture  
p r o p e r t i e s  and mass r e d u c t i o n s  for  space power system components. 
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TABLE 1.  S t r e s s - R u p t u r e  D a t a  for  0 . 2 0  mm D iameter  218CS and ST300 F i b e r  M a t e r i a l  
F i b e r  M a t e r i a l  
2 18CS ST300 
T e s t  Tempera ture  S t r e s s  R u p t u r e  L i f e  S t r e s s  Rupture  L i f e  
" K  MPa Hours MPa Hours 
1400 586 4.3 758 3.4 
552 7 .9  690 4.8 
51 7 17.3 690 10.9 
483 33.1 620 15 .0  
48 3 42.4 620 15.2 
448 63 .1  620 19.6 
41 4 165.5 586 23.1 
379 811.3 586 33 .4  
345 1479.4 552 33.9 
51 7 64.2 
483 99.3 
483 123.8 
483 131.7 
448 192.5 
448 333.3  
41 4 402.3 
1500 448 
448 
41 4 
41 4 
379 
379 
379 
362 
345 
345 
328 
2 . 9  
1.7 
3 .5  
7.1 
17.9 
37 .1  
16.1 
53.0 
117.5 
91 .2  
310.0 
517 
483 
448 
41 4 
41 4 
379 
37 9 
345 
345 
310 
280 
3 .9  
5 . 8  
1 2 . 8  
19.9 
33.9 
32.2 
39.8 
104.9 
188.5 
342.6 
533.8 
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TABLE 2. Composite Creep Rupture Data 
Composite Temperature Composite Composite Stress Vol % F iber  Time t o  Rupture Minimum Creep Stress t o  
System 'K Stress, Normal. t o  50 vo l  %. F iber  Stress, 1% S t r a i n ,  T i m e .  Creep Rate, Density Rat io  
HPa HPa HPa Hours Hours sec-1 For 1% S t r a i n .  
513001 1400 
Nb + 1% 2r 
ST300/ 
Nb 
218lNb 
Nb 
1500 
I400 
1500 
1400 
1500 
1400 
I500 
Nb + I %  I r  1400 
I80 209 
200 210 
200 241 
220 210 
250 257 
120 140 
130 130 
160 163 
206 212 
1 80 228 
190 255 
200 261 
210 279 
220 289 
95 124 
100 126 
1 IO 147 
130 173 
150 183 
135 167 
150 186 
80 112 
90 125 
100 137 
43.0 
48.0 
41 .O 
52.0 
49.0 
43.0 
50.0 
49.0 
49.0 
39.0 
37.0 
38.0 
38.0 
38.0 
38.0 
44.0 
37.0 
38.0 
41 .O 
40.0 
40.0 
36.0  
36 .0  
3 6 . 0  
_._. 
_._. 
_._. 
_ _ _ _  
.... 
_ _ _ _  
_ _ _ _  
418 
420 
483 
420 
514 
280 
259 
327 
425 
456 
5 1  1 
522 
557 
578 
248 
252 
295 
346 
367 
335 
372 
223 
249 
275 
_ _ _  
_ _ _  
_._ 
_-- 
_._ 
_ _ _  
_._ 
238 
277 
240 
340 
70 
107 
190 
72 
17 
243 
233 
I02 
56 
40 
825 
710 
I78  
88 
56 
476 
330 
255 
120 
66 
233 
1 7  
5 
56 
7 
3 
6 
1490 
1614 
1104 
2325 
379 
742 
921 
425 
53 
_ _ _ _  
850 
_ _ _ _  
388 
249 
___. 
2485 
937 
344 
284 
590 
455 
683 
293 
126 
_ _ _ _  
60 
29 
523 
79 
69 
I607 
7.04E-09 I539 
8.43E-09 I547 
9.26E-09 I775 
6.56E-09 1547 
2.64E-08 1893 
1.70E-08 1031 
9.65E-09 958 
2.77E-08 1201 
I .  l7E-07 1562 
7.80E-09 1679 
9.70E-09 1878 
1 .90E-08 1923 
2.95E-08 2055 
3.12E-08 2129 
2.93E-09 913 
3.20E-09 928 
1.04E-08 1083 
2.30E-08 1274 
3.15E-08 I348 
5. I3E-09 
7.79E-09 
9.15E-09 
2.07E -08 
3. 5OE-08 
1.06E-08 
I .00E-07 
5.00E-07 
3.90E-08 
3.20E-07 
7.80E-08 
I .20E-07 
6.4+ 1.52 
-0.00 
TYP.7, r 6.4+0.13 
6.4-6.5 THRU 1, , I 
c . .' 
1.14 25.4 LONG 0.508 THICK 
FIGURE 1. - TENSILE CREEP-RUPTURE TEST SPECIMEN (DIMENSIONS I N  
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FIGURE 2. - COMPARISON OF THE STRESS RUPTURE L I V E S  FOR ST300 
(W + 1.5%  THO^) AND 218 CS FIBERS. 
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FIGURE 3. - PROJECTED 1000 HR RUPTURE STRENGTH FOR 50 V I 0  
W/NB COMPOSITES COMPARED TO NB + 1% ZR. 
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CREEP TIME, HRS 
FIGURE 4. - TYPICAL CREEP CURVE FOR 4 0  V/O ST300/NB + 1% ZR 
CONPOSITE MATERIAL TESTED AT 1400  K AND 180 !PA. 
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FIGURE 5. - FRACTURE SURFACE OF ST300/NB COMPOSITE SPECIMEN 
TESTED AT 1500 K AND 150  !PA FOR 2 8 4 . 5  HR. 
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FIGURE 6. - FRACTURE SECTION OF ST300/NB + 1% ZR CREEP RUPTURE 
SPECIMEN TESTED AT 1400 K AND 220 MPA FOR 2325 HR. 
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FIGURE 7. - 1400 K CREEP CURVES FOR ST300/NB AND N B - ~ X  ZR 
COMPOSITES AND NB MATRIX MATERIAL. 
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FIGURE 8. - COMPARISON OF STRESS RUPTURE LIVES OF COMPOSITES 
AND ARC-SPRAYED NIOBIUM, COMPOSITES NORMALIZED TO 50 VOL 
PERCENT FIBER CONTENT. 
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FIGURE 9 .  - COMPARISON OF CREEP STRESS FOR 1% CREEP 
COMPOSITES NORMALIZED TO 50 VOL PER- 
STRAIN FOR COMPOSITES, PWC-11, NB + 1% ZR. AND ARC- 
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FIGURE 11. - COMPARISON OF MINIMUM CREEP RATE FOR COMPOSITES 
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FIGURE 13. - COMPARISON OF AMOUNT OF ST300/NB + 1% ZR FIBER/MATRIX 
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FIGURE 15. - COMPARISON OF THE PROJECTED 1000 AND 100 000 HR 
CREEP STRESS TO ACHIEVE 1% CREEP STRAIN AT 1400  AND 1500 K .  
50 VOL PERCENT F ILER CONTENT COMPOSITES. 
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FIGURE 16. - COMPARISON OF PROJECTED 1000 AND 100 000 HR 
CREEP STRESS TO DENSITY RATIO TO ACHIEVE 1% CREEP STRAIN. 
50 VOL PERCENT CONTENT COMPOSITES. 
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